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A b s t r a c t  

The paper  p r e s e n t s  a numer i ca l  s o l u t i o n  o f  an 
ax i symmet r i c  t u r b u l e n t  j e t  d i s c h a r g i n g  a x i a l l y  from 
below i n t o  a c y l i n d r i c a l  t a n k  and d i r e c t e d  towards 
t h e  l i q u i d  vapor  i n t e r f a c e .  The l i q u i d - v a p o r  i n t e r -  
f a c e  i s  assumed to be f l a t  and shear  f r e e .  The 
k-E t u r b u l e n c e  model i s  used t o  c a l c u l a t e  t h e  eddy 
v i s c o s i t y .  The t u r b u l e n c e  i n t e n s i t y  d i s t r i b u t i o n  
and t h e  l e n g t h  s c a l e  a s s o c i a t e d  w i t h  t h e  k-c  model 
a r e  c a l c u l a t e d  as f u n c t i o n s  o f  j e t  flow r a t e s  and 
system parameters.  Numer ica l  r e s u l t s  a r e  compared 
w i t h  a p p r o p r i a t e  e x p e r i m e n t a l  d a t a .  The problems 
a s s o c i a t e d  w i t h  t h e  f r e e  s u r f a c e  boundary cond i -  
t i o n s  f o r  t h e  t u r b u l e n t  q u a n t i t i e s  a r e  d i scussed .  
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C1.  C2. C, c o n s t a n t s  i n  k-c  t u r b u l e n c e  model 
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P r a n d t l  number i n  c e q u a t i o n  

e v a l u a t e d  based on j e t  n o z z l e  d imens ion  

e v a l u a t e d  a t  l i q u i d - v a p o r  i n t e r f a c e  
l o c a t  i o n  

Background 

The p r e s e n t  work i s  m o t i v a t e d  by t h e  f l u i d  m i x -  
i n g  and t h e  l i q u i d - v a p o r  i n t e r f a c e  condensa t ion  
problems which may be encoun te red  d u r i n g  t h e  on- 
o r b i t  s t o r a g e  and t r a n s f e r  o f  s u b c r i t i c a l  cryogens 
and t h e  p r e s s u r e  c o n t r o l  o f  t h e  s t o r a g e  t a n k .  The 
l i q u i d - v a p o r  i n t e r f a c e  l o c a t i o n  and c o n f i g u r a t i o n  
a r e  n o t  w e l l  d e f i n e d  i n  m i c r o - g r a v i t y  env i ronmen ts .  
T h e r e f o r e ,  d i r e c t  v e n t i n g  of  vapor  t o  c o n t r o l  t h e  
t a n k  p r e s s u r e  e i t h e r  d u r i n g  l ong - te rm s t o r a g e  o r  
d u r i n g  t h e  f i l l i n g  p rocess  o f  an empty t a n k  i s  n o t  
a v i a b l e  o p t i o n .  The problems a s s o c i a t e d  w i t h  
d i r e c t  v e n t i n g  i n  l o w - g r a v i t y  c o n d i t i o n s  a r e  ade- 
q u a t e l y  d e s c r i b e d  by Labus e t  a1 . l  R e a l i z a t i o n  o f  
these  problems has l e d  t o  t h e  d e v e l o  ment o f  t h e  
concep t  o f  thermodynamic v e n t  (TVS) f o r  
t h e  p r e s s u r e  c o n t r o l  o f  c r y 0  e n i c  s t o r a g e  tanks  and 
t h e  "no-vent ' '  f i l l  techn iqueg .6  for  f i l l i n g  tanks  
w i t h  cryogens.  The r a t e  of vapor  condensa t ion  on 
t o  a l i q u i d  s u r f a c e  and t h e  f l u i d  m i x i n g  process 
a r e  i m p o r t a n t  problems a s s o c i a t e d  w i t h  these  
systems. 



F l u i d  M i x i n g  

Exper imen ta l  i n v e s t i g a t i o n s 7 - 9  o f  f 1 u i d  m i  x i  ng 
due t o  an a x i a l  dyed j e t  i n t r o d u c e d  i n t o  an i s o t h e r -  
mal f l u i d  ( e t h a n o l ) ,  were pe r fo rmed  i n  b o t h  normal 
and reduced g r a v i t y  env i ronmen ts .  Based on t h e  
f i n d i n g s  of  t hese  t e s t s ,  a x i a l  l i q u i d  j e t s  a r e  con- 
s i d e r e d  as t h e  p r e f e r r e d  t e c h n i q u e  for  p r o v i d i n g  
f l u i d  m i x i n g  i n  l o w - g r a v i t y  c o n d i t i o n s .  The 
d e s i r e d  o b j e c t i v e  o f  t h e  use o f  a x i a l  l i q u i d  j e t  i s  
t o  c o n t r o l  t h e  t a n k  p r e s s u r e  by d e s t r o y i n g  the rma l  
s t r a t i f i c a t i o n  o f  t h e  s t o r e d  l i q u i d  and by enhancing 
t h e  r a t e  of condensa t ion  o f  t h e  vapor  on t h e  l i q u i d -  
vapor i n t e r f a c e .  

Vapor Condensat ion on t h e  L i q u i d  S u r f a c e  

L i q u i d  i s  w i thd rawn  from t h e  o u t e r  p a r t  o f  t h e  b o t -  
tom o f  t h e  t a n k .  The volume f l o w  r a t e  o f  t h e  
l i q u i d  w i thd rawn  i s  t h e  same as t h a t  o f  t h e  i n j e c t e d  
l i q u i d .  There fo re ,  t h e  l i q u i d  l e v e l  above t h e  j e t  
rema ins  c o n s t a n t .  The o u t f l o w  a rea  i s  made much 
l a r g e r  t h a n  t h e  i n f l o w  j e t  a r e a ,  so t h a t  t h e  o u t f l o w  
v e l o c i t y  i s  n e g l i g i b l y  sma l l  compared w i t h  t h e  j e t  
v e l o c i t y .  However, i n  numer i ca l  compu ta t i on  t h e  
o u t f l o w  v e l o c i t y  t e r m  i s  r e t a i n e d ,  even though i t  
i s  two o r d e r s  o f  magni tude lower  than  t h e  j e t  i n l e t  
v e l o c i t y .  The i n j e c t e d  l i q u i d  and t h e  t a n k  l i q u i d  
tempera tu res  a r e  assumed t o  be t h e  same and u n i f o r m .  
T h e r e f o r e ,  t h e  e f f e c t s  of h e a t  t r a n s f e r  and the rma l  
s t r a t i f i c a t i o n  on t h e  f low f i e l d  and t h e  e v o l u t i o n  
o f  t u r b u l e n c e  a r e  n o t  c o n s i d e r e d  i n  t h e  p r e s e n t  
a n a l y s i s .  

Exper imen ta l  f i n d i n g s  have e s t a b l i s h e d  t h a t  t h e  The geomet r i c  parameters o f  t h e  p rob lem a r e  
t h e  r a t i o s  of  t h e  t a n k  d iamete r  t o  j e t  d i a m e t e r ,  r a t e  of t h e  vapor condensa t ion  o n t o  t h e  l i q u i d  can 

be g r e a t l y  enhanced by t h e  i n t r o d u c t i o n  o f  t u r b u -  D/d,  and t h e  l i q u i d  h e i g h t  above t h e  j e t  t o  t h e  
l ence  beneath t h e  l i q u i d  su r face .  Sonin e t  a l . 1 °  t a n k  d i a m e t e r  xs/D.  I n  t h e  p r e s e n t  a n a l y s i s  o n l y  
and He lm ick  e t  a l . l l  measured t h e  s teady  s t a t e  r a t e  t h e  parameter  xs /D  i s  v a r i e d .  
o f  condensa t ion  o f  n e a r l y  s a t u r a t e d  steam o n t o  a 
t u r b u l e n t  l i q u i d  surface-. 
l i q u i d  s i d e  was produced by a s i n g l e  a x i a l  j e t  
d i r e c t e d  towards t h e  l i q u i d  s u r f a c e  f r o m  below.  
The g e o m e t r i c a l  c o n f i g u r a t i o n  shown i n  F i g .  1 i s  an 
a d a p t a t i o n  o f  t h e  t e s t  c e l l  used by Sonin e t  a1 . l o  
For a f i x e d  wa te r  l e v e l ,  condensa t ion  r a t e s  were 
e x p e r i m e n t a l l y  de te rm ined  as a f u n c t i o n  o f  l i q u i d  
s i d e  t u r b u l e n c e  i n t e n s i t y .  The t u r b u l e n t  i n t e n s i t y  
was c o n t r o l l e d  by v a r y i n g  t h e  j e t  flow r a t e .  The 
t u r b u l e n c e  i n t e n s i t y  v ( r m s  v a l u e  o f  f l u c t u a t i n g  
v e l o c i t y ) ,  i t s  s p a t i a l  d i s t r i b u t i o n  and t h e  t u r b u -  
l e n c e  macro s c a l e ,  were measured i n  t h e  absence o f  
condensa t ion .  These measurements were pe r fo rmed  a t  
a x i a l  l o c a t i o n s  g r e a t e r  t han  3D f r o m  t h e  j e t  i n l e t .  
I t  was argued and subsequen t l y  suppor ted  by e x p e r i -  
men ta l  measurement, t h a t  i n  t h e  upper  r e g i o n  ( x / D  > 
3). t h e  t u r b u l e n t  v e l o c i t i e s  a r e  much l a r g e r  t h a n  

The t u r b u l e n c e  on t h e  Govern ing  Equa t ions  

The j e t  c o n s i d e r e d  i n  t h e  p r e s e n t  a n a l y s i s  i s  
an ax i symmet r i c  t u r b u l e n t  j e t .  The flow i s  s teady -  
s t a t e  and i n c o m p r e s s i b l e .  The l i q u i d - v a p o r  i n t e r -  
f a c e  i s  assumed to  be f l a t  and shear f r e e .  The 
k-c  model o f  Jones and Launder lZ  i s  chosen for  c a l -  
c u l a t i n g  t h e  eddy v i s c o s i t y .  The t ime-averaged con- 
t i n u i t y ,  momentum and k-c e q u a t i o n s  a r e :  

C o n s e r v a t i o n  of  mass 

C o n s e r v a t i o n  of x-momentum 

( 1 )  

any mean c i r c u l a t o r y  v e l o c i t i e s .  I t  was also es tab -  a au 
l i s h e d  t h a t  a t  some d i s t a n c e  below t h e  i n t e r f a c e  
(away f rom t h e  damped l a y e r )  t h e  t u r b u l e n c e  i s  
a p p r o x i m a t e l y  i s o t r o p i c  i n  t h e  h o r i z o n t a l  p l a n e  and au 2 
i s  e s s e n t i a l l y  u n a f f e c t e d  b y  t h e  p r o x i m i t y  of t h e  
i n t e r f a c e ,  and t h e  l e n g t h  s c a l e  o f  t u r b u l e n c e  i s  
l o c k e d  t o  t h e  system d i a m e t e r ,  D.  The most s i g n i f i -  ( 2 )  
c a n t  f i n d i n g  o f  these  i n v e s t i g a t i o n s l 0 . l l  i s  t h a t  
for  a s h e a r - f r e e  and wave- f ree l i q u i d  i n t e r f a c e ,  C o n s e r v a t i o n  of r-momentum 
t h e  condensa t ion  r a t e  can be c h a r a c t e r i z e d  i n  terms 

and A .  E m p i r i c a l  c o r r e l a t i o n s  t o  d e s c r i b e  t h e  con- % (puv) + & (rpV2) = k ( "e f f  %) 
d e n s a t i o n  r a t e ,  t h e  t u r b u l e n c e  i n t e n s i t y  nea r  t h e  
s u r f a c e ,  and t h e  c o n d i t i o n s  under  wh ich  t h e y  a p p l y  
a r e  f u l l y  d i s c u s s e d  i n  Re fs .  10 and 1 1 .  The o b j e c -  
t i v e  o f  t h e  p r e s e n t  work i s  t o  compute t u r b u l e n c e  
c h a r a c t e r i s t i c s  o f  t h e  p h y s i c a l  system o f  Re fs .  10 

z (PU') + 2k (rpv) = &i ( p e f f  E) + & ( r p e f f  Z-> 

o f  t h e  l i q u i d - s i d e  t u r b u l e n c e  c h a r a c t e r i s t i c s  v a 

a 

and 1 1  by s o l v i n g  t h e  app;opr ia te-govern ing equa- 
t i o n s  n u m e r i c a l l y .  ( 3 )  

Problem F o r m u l a t i o n  
k-e t u r b u l e n c e  model 

The P h y s i c a l  Problem 

system used t o  a n a l y z e  t h e  p rob lem a r e  shown i n  
F i g .  1 .  A c y l i n d r i c a l  t a n k  o f  d i a m e t e r  D i s  p a r -  
t i a l l y  f i l l e d  w i t h  l i q u i d .  A c i r c u l a r  l i q u i d  j e t  
o f  d iamete r  d d i r e c t e d  upward a l o n g  t h e  t a n k  cen- 
t r a l  a x i s  i s  i n t r o d u c e d  a t  t h e  b o t t o m  of t h e  t a n k .  

The geomet r i c  c o n f i g u r a t i o n  and t h e  c o o r d i n a t e s  z a (pUk) + 1 ( rpUk)  = & [(p + --) p t  ,,] 

+ & [r (P + :) g] + b e f f G  - p e l  ( 4 )  

2 
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where t h e  t u r b u l e n c e  p r o d u c t i o n  term,  G, i s  d e f i n e d  
by 

2 2 2 

G = Z[(g) + ($) + (:)2] + (2 + g) ( 6 )  

The t e r m s  i n  t h e  b races ,  on t h e  r i g h t - h a n d  s i d e  o f  
each e q u a t i o n  a r e  t h e  source te rms .  The t u r b u l e n t  
v i s c o s i t y  i s  g i v e n  by t h e  e x p r e s s i o n :  

Numer ica l  va lues  o f  t he  e m p i r i c a l  c o n s t a n t s  a s s o c i -  
a t e d  w i t h  t h e  t u r b u l e n c e  model a re12113  

C1 = 1.44 , C2 - 1.92 , CP = 0 .09  , 

(8) 

Boundary C o n d i t i o n s  

The flow domain between 0 5 r 5 012, and 
0 x xs  i s  c o n s i d e r e d  for t h e  compu ta t i ons .  
The f low p rob lem c o n s i d e r e d  i n  t h e  p r e s e n t  a n a l y s i s  
has a l i n e  on symmetry a l o n g  t h e  t a n k  c e n t r a l  
a x i s .  The symmetr ic  c o n d i t i o n s  a t  t h e  c e n t e r  l i n e  
a r e  : 

0 .  and V = O  (9 )  au ak aE 
a r  ar - a r  
- = - - - =  

A t  t h e  w a l l  n o - s l i p  boundary c o n d i t i o n s  a p p l y  

u = v - 0 .  (10) 

Also, t h e  w a l l  f u n c t i o n s 1 4  a r e  used t o  c a l c u l a t e  
shear. s t r e s s  and a r e  i n c l u d e d  as a sou rce  t e r m  fo r  
v e l o c i t y  component p a r a l l e l  t o  t h e  w a l l  i n  t h e  
gove rn  i ng e q u a t i o n s  . I 5  

a r e  assumed u n i f o r m  a t  t h e  j e t  i n l e t .  
The v e l o c i t y  and t h e  t u r b u l e n t  k i n e t i c  energy 

U = Uj  , V = 0 and k = 0.005 Uj  ( 1 1 )  

The d i s t r i b u t i o n  of t h e  d i s s i p a t i o n  r a t e  i s  g i v e n  
by6: 

Where t h e  m i x i n g  
e x p r e s s i o n s :  

(12 )  

e n g t h  s c a l e ,  1 ,  i s  g i v e n  b y  t h e  

ORIGINAL PAGE IS 
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A t  t h e  bo t tom o f  t h e  t a n k  ( i . e . ,  x = O), where 
t h e  l i q u i d  i s  w i thd rawn ,  t h e  v e l o c i t y  i s  assumed t o  
be u n i f o r m  and equal  t o  Q / A ,  where Q i s  t h e  j e t  
i n f l o w  r a t e  and A i s  t h e  t a n k  o u t f l o w  a r e a .  

The boundary c o n d i t i o n s  f o r  t h e  t u r b u l e n c e  
q u a n t i t i e s ,  k and E a t  t h e  l i q u i d  vapor i n t e r -  
f a c e ,  pose s p e c i a l  problems i n  t h e  numer i ca l  compu- 
t a t i o n .  To o u r  knowledge, t h e  a p p r o p r i a t e  boundary 
c o n d i t i o n s  f o r  k and c a t  t h e  i n t e r f a c e  have 
n o t  been e s t a b l i s h e d  e i t h e r  t h e o r e t i c a l l y  o r  e m p i r i -  
c a l l y .  I n  t h e  p r e s e n t  a n a l y s i s  i t  i s  assumed t h a t  
a t  t h e  f r e e  s u r f a c e  

Also, t h e  assumpt ion o f  t h e  f l a t  and shear  f r e e  
i n t e r f a c e  i m p l i e s :  

( 1 5 )  av - -  
S 

u = o ,  a x - O  a t  x = x  

Numer ica l  S o l u t i o n  

S o l u t i o n  Methodology 

The g o v e r n i n g  e q u a t i o n s  (Eqs. ( 1 )  t o  (5)) were 
s o l v e d  by a f i n i t e  d i f f e r e n c e  numer i ca l  scheme.15116 
The f i n i t e - d i f f e r e n c e  e q u a t i o n s  were d e r i v e d  by 
i n t e g r a t i n g  t h e  d i f f e r e n t i a l  e q u a t i o n s  o v e r  an e l e -  
men ta ry  c o n t r o l  volume s u r r o u n d i n g  a g r i d  node 
a p p r o p r i a t e  for  each dependent v a r i a b l e .  A s tag -  
ge red  g r i d  system was used. The s c a l a r  p r o p e r t i e s  
P, k and E were s t o r e d  midway between t h e  U 
and V v e l o c i t y  g r i d  nodes. The bounded skew 
h y b r i d  d i f f e r e n c i n g l 6  was i n c o r p o r a t e d  f o r  t h e  con- 
v e c t i v e  terms and t h e  i n t e g r a t e d  sou rce  terms were 
l i n e a r i z e d .  The p r e s s u r e  d i s t r i b u t i o n  was o b t a i n e d  
by means o f  p r e s s u r e  i m p l i c i t  s p l i t  o p e r a t i o n  
(PISO) p r e d i  c t o r - c o r r e c t o r  t e c h n i q u e .  

The c a l c u l a t i o n s  were pe r fo rmed  w i t h  a nonun i -  
f o r m  g r i d  d i s t r i b u t i o n  w i t h  t h e  c o n c e n t r a t i o n  o f  
g r i d  nodes near  t h e  c e n t e r  l i n e ,  t h e  w a l l  and t h e  
i n t e r f a c e  r e g i o n s  where t h e  g r a d i e n t s  o f  f low prop-  
e r t i e s  a r e  expec ted  t o  be l a r g e .  The g r i d  independ- 
e n t  s o l u t i o n s  were de te rm ined  by t r i a l  r u n s .  
A 36 by 31 g r i d  i n  t h e  x and r d i r e c t i o n ,  
r e s p e c t i v e l y ,  was used for xs /D  = 3.67. Comparison 
o f  numer i ca l  r e s u l t s  o f  t h i s  g r i d  s i z e  w i t h  t h a t  
o b t a i n e d  by u s i n g  h i g h e r  g r i d  numbers shows t h a t  
t h e  s o l u t i o n s  a r e  e s s e n t i a l l y  g r i d  i ndependen t .  
Fo r  xs /D  g r e a t e r  t h a t  3.67, h i g h e r  g r i d  numbers 
were used i n  t h e  x - d i r e c t i o n  ( 5 6  by 31, for 
X s / D  = 7 . 2 ) .  

The f i n i t e  d i f f e r e n c e  e q u a t i o n s  were s o l v e d  
i t e r a t i v e l y  by t h e  AD1 method w i t h  under  r e l a x a -  
t i o n l 5  u n t i l  t h e  s o l u t i o n  converged.  
a b s o l u t e  r e s i d u a l  sums for each dependent v a r i a b l e  
l e s s  t h a n  0.005 was used as a c r i t e r i o n  of  conve r -  
gence. Based on t h i s  c r i t e r i o n ,  t h e  convergen t  
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s o l u t i o n s  were o b t a i n e d  w i t h i n  1500 i t e r a t i o n s ,  
w i t h  0 .8  s e c / i t e r a t i o n  on CRAY-XMP CPU t i m e  f o r  
i n i t i a l  guessed s o l u t i o n s  s e t  o f  z e r o .  

Parameters 

The numer i ca l  s o l u t i o n s  p r e s e n t e d  i n  t h i s  
paper w e r e  performed u s i n g  t h e  i n p u t  c o n d i t i o n s  
r e p r e s e n t a t i v e  t o  those  o f  exper imen ts  o f  Re fs .  10 
and 1 1 .  The the rmophys ica l  p r o p e r t i e s  o f  l i q u i d  
water  a t  20 " C  were used i n  a l l  compu ta t i ons .  The 
tank  d iamete r ,  D, and t h e  j e t  d i a m e t e r ,  d, were s e t  
equal  t o  15.3 and 0.64 cm, r e s p e c t i v e l y  (same as 
those o f  Re f .  10). The j e t  Reynolds numbers were 
v a r i e d  between 30 000 t o  110 000, depending upon 
t h e  l i q u i d  h e i g h t  t o  t h e  t a n k  d iamete r  r a t i o s ,  
x s / D .  Most o f  t h e  c a l c u l a t i o n s  were pe r fo rmed  for  
x s / D  o f  3.67 and 4.65. Fo r  h i g h  j e t  Reynolds 
number, numer i ca l  s o l u t i o n s  were a l s o  o b t a i n e d  for  
x s / D  = 7.2, t o  i n v e s t i g a t e  what e f f e c t ,  i f  any, t h e  
l a r g e  l i q u i d  dep th  has on t h e  s o l u t i o n .  

R e s u l t s  and D i s c u s s i o n  

The numer i ca l  s o l u t i o n s  o f  t h e  d i f f e r e n t i a l  
E q s .  ( 1 )  t o  ( 5 ) .  w i t h  t h e  e m p i r i c a l  c o e f f i c i e n t s  o f  
t he  t u r b u l e n c e  model g i v e n  b y  Eq. ( 8 ) ,  s u b j e c t  t o  
t h e  boundary c o n d i t i o n s  (9) t o  ( 1 5 ) ,  y i e l d e d  d i s t r i -  
b u t i o n s  o f  mean f l o w  v e l o c i t i e s  U and V. t h e  t u r -  
b u l e n t  k i n e t i c  ene rgy ,  k ,  and t h e  d i s s i p a t i o n  of  
t h e  t u r b u l e n c e  k i n e t i c  ene rgy .  E .  As n o t e d  i n  t h e  
p r e c e d i n g  s e c t i o n ,  t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  and 
t h e  i n p u t  c o n d i t i o n s  used i n  t h e  p r e s e n t  a n a l y s i s  
a r e  s i m i l a r  t o  those  o f  t h e  exper imen ts . lO$ l l  
T h e r e f o r e ,  t h e  numer i ca l  res 'u l  t s  t h a t  o f f e r  d i r e c t  
compar ison w i t h  t h e  exper imen ts  a r e  p r e s e n t e d  i n  
t h i s  paper .  A d e t a i l e d  a n a l y s i s  o f  t h e  numer i ca l  
r e s u l t s  encompassing a wide range  o f  parameters i s  
s t i l l  b e i n g  pe r fo rmed  and w i l l  be r e p o r t e d  i n  t h e  
f u t u r e .  

The numer i ca l  r e s u l t s  f o r  t h e  rms v a l u e  o f  t h e  
t u r b u l e n c e  v e l o c i t y ,  v ,  ( c a l c u l a t e d  from t h e  expres-  
s i o n  k = ( 3 / 2 ) v 2 )  a t  a f i x e d  a x i a l  l o c a t i o n ,  
x / D  = 3.33,  and two r a d i a l  l o c a t i o n s  r / R  = 0 and 
r / R  = 0 .62 ,  a r e  p r e s e n t e d  i n  F i g .  2, where t h e y  a r e  
p l o t t e d  as a f u n c t i o n  o f  t h e  j e t  f l o w  r a t e .  The 
a b s c i s s a  i s  chosen as Q/Dd, t o  f a c i l i t a t e  compar i -  
son w i t h  t h e  exper imen t .  The e x p e r i m e n t a l  rms 
v a l u e s l o  o f  e i t h e r  t h e  v e r t i c a l  or h o r i z o n t a l  f l u c -  
t u a t i n g  v e l o c i t y  a r e  shown on t h e  f i g u r e  for  
compar ison.  The range o f  j e t  Reynolds numbers fo r  
the  s t a t e d  range o f  f low r a t e s  v a r i e s  between 
30 000 t o  80 000. The l i q u i d  h e i g h t  t o  t h e  t a n k  
d iamete r  r a t i o ,  xs /D,  for  t h e  exper imen t  was 3.67. 
The numer i ca l  r e s u l t s  p r e s e n t e d  i n  F i g .  2 co r respond  
t o  t h i s  v a l u e  o f  xs /D .  The h o r i z o n t a l  samp l ing  
r e g i o n  for  t h e  e x p e r i m e n t a l  d a t a  extended from t h e  
a x i s  t o  t h e  213 r a d i u s  o f  t h e  t e s t  c e l l .  The exper-  
i m e n t a l  d a t a  show t h a t  for  x/D > 3, and a t  a 
i s t a n c e  o f  t h e  damped l a y e r  t h i c k n e s s  (20.3D) be low 
t h e  i n t e r f a c e ,  t h e  t u r b u l e n c e  i s  e s s e n t i a l l y  iso- 
t r o p i c  i n  a h o r i z o n t a l  p l a n e .  The numer i ca l  r e s u l t s  
o b t a i n e d  by u s i n g  t h e  k-E model a r e  shown i n  
F i g .  2. The s o l i d  l i n e s  drawn i n  F i g .  2 show t h e  
numer i ca l  r e s u l t s  o f  v a t  t h e  a x i s  and a t  a r a d i a l  
d i s t a n c e  o f  0.62R. Almost  a l l  o f  t h e  measured d a t a  
f a l l  between these two l i n e s  and show e x c e l l e n t  com- 
p a r i s o n  w i t h  t h e  numer i ca l  r e s u l t s .  Bo th  t h e  exper -  
i m e n t a l  as w e l l  as t h e  numer i ca l  r e s u l t s  show a l m o s t  
a l i n e a r  r e l a t i o n  between v and Q/Dd. 
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F i g u r e  3 shows t h e  v a r i a t i o n  o f  t h e  t u r b u l e n c e  
v e l o c i t y  a l o n g  t h e  c e n t r a l  a x i s  as a f u n c t i o n  o f  
d i s t a n c e  f r o m  t h e  i n t e r f a c e .  The measured va lues  
o f  t h e  v e r t i c a l  and h o r i z o n t a l  f l u c t u a t i n g  v e l o c i -  
t i e s  as r e p o r t e d  i n  R e f .  1 1  a r e  i n c l u d e d  f o r  
compar ison.  Bo th  t h e  measured and c a l c u l a t e d  
r e s u l t s  co r respond  t o  j e t  Reynolds number o f  51 000 
and x s / D  = 3.67.  The exper imen ta l  r e s u l t s  suggest  
t h a t  a dep th  o f  about  0.13D below t h e  i n t e r f a c e  
t h e  t u r b u l e n c e  i s  a p p r o x i m a t e l y  i s o t r o p i c  and i s  
e s s e n t i a l l y  u n a f f e c t e d  by t h e  i n t e r f a c e .  The numer- 
i c a l  r e s u l t s  a r e  i n  e x c e l l e n t  agreement w i t h  t h e  
exper imen t  i n  t h i s  r e g i o n .  The v e r t i c a l  t u r b u l e n t  
v e l o c i t y  c l o s e r  to the s u r f a c e  damps o u t .  I t s  
k i n e t i c  energy i s  impar ted  t o  t h e  h o r i z o n t a l  compo- 
nen ts  w i t h  a r e s u l t a n t  i n c r e a s e  i n  t h e  h o r i z o n t a l  
t u r b u l e n t  v e l o c i t i e s .  There fo re ,  t h e  t u r b u l e n c e  
c l o s e r  t o  t h e  sur face i s  n o n i s o t r o p i c  and t h e  use 
of  k-E model may n o t  be a p p r o p r i a t e .  The compari- 
son between t h e  numer i ca l  r e s u l t s  and exper imen ta l  
d a t a  worsens as t h e  f r e e  s u r f a c e  i s  approached. 

Son in ,  e t  a l . 1 °  o b t a i n e d  an approx imate a n a l y t -  
i c a l  s o l u t i o n  for  t h e  t u r b u l e n c e  d i s t r i b u t i o n  by 
a p p l y i n g  t h e  h i g h  Reynolds number form o f  t h e  k-E 
model o f  t u r b u l e n c e  t o  t h e  r e g i o n  x / D  > 3 ,  where 
t h e  mean c i r c u l a t o r y  v e l o c i t y  i s  sma l l  compared 
w i t h  f l u c t u a t i n g  v e l o c i t i e s .  They assumed t h a t  t h e  
t u r b u l e n t  k i n e t i c  energy,  k .  can be approx imated as 
a f u n c t i o n  o f  x a lone  and t h e  l e n g t h  s c a l e  
L = k 3 l 2 / c  i n  t h e  model i s  c o n s t a n t  and l o c k e d  t o  
t h e  tube d i a m e t e r .  The a n a l y t i c a l  s o l u t i o n  o f  t h e  
k--E model f o r  p u r e l y  d i f f u s i v e  t u r b u l e n c e  shows 
t h a t  t h e  i s o t r o p i c  t u r b u l e n t  v e l o c i t y  and t h e  
l e n g t h  s c a l e  a r e  g i v e n  by t h e  exp ress ions :  

v = b(&P(%) 1 . 3 6 ~  

and 

(16)  

k 3 / 2  
L = - -  - OD where b and R a r e  c o n s t a n t s  

(17 )  

By compar ing t h i s  s o l u t i o n  w i t h  t h e  exper imen ta l  
r e s u l t s  Son in  e t  a1 . lO  suggested t h e  va lues  o f  
B = 1 . 1  and b = 21.8 for  h i g h  Reynolds number 
flows. 

The e x p e r i m e n t a l  d a t a l o  used t o  f i x  t h e  v a l u e  
of 0 a r e  rep roduced  i n  F i g .  4 a l o n g  w i t h  t h e  
numer i ca l  s o l u t i o n  o f  t h e  c o r r e s p o n d i n g  problem. 
The numer i ca l  r e s u l t s  show t h a t  t h e  s l o p e  o f  
l n ( v )  ve rsus  x/D i s  n o t  c o n s t a n t ,  which i m p l i e s  
t h a t  0 i s  n o t  a c o n s t a n t  i n  t h e  range o f  
3.1 < x/D < 4.2 as suggested i n  Ref .  10. A n a l y s i s  
of n u m e r i c a l  r e s u l t s  shows t h a t  f o r  x / D ,  up t o  
a p p r o x i m a t e l y  3.6, t h e  g e n e r a t i o n  t e r m  i n  k-E 
e q u a t i o n s  i s  o f  t h e  same o r d e r  o f  magni tude as t h e  
d i f f u s i o n  te rm.  T h e r e f o r e ,  t h e  s o l u t i o n  o b t a i n e d  
for p u r e l y  d i f f u s i v e  t u r b u l e n c e  may n o t  a p p l y  i n  
t h i s  r e g i o n .  The l e n g t h  s c a l e ,  L i s  p l o t t e d  i n  
F i g .  5 as a f u n c t i o n  o f  t h e  r a d i a l  d i s t a n c e  f rom 
t h e  a x i s .  F i g u r e  5 shows t h a t  t h e  l e n g t h  s c a l e  a t  
a g i v e n  a x i a l  l o c a t i o n  i s  e s s e n t i a l l y  u n i f o r m  
e x c e p t  c l o s e  t o  t h e  t a n k  w a l l .  However, t h e  l e n g t h  
s c a l e  v a r i e s  w i t h  t h e  a x i a l  d i s t a n c e  which i s  n o t  
i n  agreement w i t h  Sonin,  e t  a1. lO c o n c l u s i o n  t h a t  
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f o r  h i g h  Reynolds number t h e  l e n g t h  s c a l e  i s  con- 
s t a n t  and l o c k e d  t o  t h e  system d i a m e t e r .  Near t h e  
s u r f a c e ,  t h e  n u m e r i c a l  s o l u t i o n  f o r  t h e  j e t  Reynolds 
number o f  50  000 shows t h a t  L I D  v a r i e s  between 
0 .42  and 0.6.  

The a n a l y t i c a l  s o l u t i o r l  o b t a i n e d  i n  Ref .  10 
s h o u l d  i n d e e d  be v a l i d  i f  x i s  s u f f i c i e n t l y  l a r g e  
( t h e o r e t i c a l l y  x + a). I n  o r d e r  t o  i n v e s t i g a t e  
t h e  e f f e c t s  o f  t h e  l i q u i d  d e p t h  and t h e  boundary 
c o n d i t i o n s  ( 1 4 )  for  k and E imposed a t  t h e  
i n t e r f a c e ,  n u m e r i c a l  s o l u t i o n s  for a f i x e d  j e t  
Reyno lds  number of 110 000 were o b t a i n e d  for l i q u i d  
d e p t h s  o f  xs /D = 4.65 and 7.2.  The v a r i a t i o n  o f  
t h e  t u r b u l e n t  k i n e t i c  energy ,  k,  and t h e  l e n g t h  
s c a l e ,  L ,  as a f u n c t i o n  o f  x/D i s  shown i n  
F i g s .  6 and 7. As seen f r o m  t h e s e  f i g u r e s  t h e  s o l u -  
t i o n  remains  p r a c t i c a l l y  u n a f f e c t e d  for  x/D up t o  
3.6,  and t h e  l e n g t h  s c a l e  L I D  a t t a i n s  a l m o s t  a 
c o n s t a n t  v a l u e  0 . 9  f o r  l a r g e  x/D. The r e g i o n  
3 . 6  < x/D < 4.6 p r o b a b l y  r e p r e s e n t s  t r a n s i t i ~ o n  to, 
p u r e l y  d i f f u s i v e  t u r b u l e n c e  where t h e  e f f e c t  of mean 
c i r c u l a t o r y  i s  n e g l i g i b l e .  However, t h e  n u m e r i c a l  
r e s u l t s  show t h a t  t u r b u l e n t  k i n e t i c  energy  i n  s teady  
d i f f u s i v e  t u r b u l e n c e  r e g i o n  i n c r e a s e s  or a p p r o x i -  
m a t e l y  r e m a i n  c o n s t a n t  w i t h  t h e  a x i a l  d i s t a n c e ,  x ,  
w h i c h  i s  u n r e a l i s t i c .  I n  o u r  o p i n i o n ,  i t  i s  caused 
b y  t h e  i m p o s i t i o n  o f  t h e  boundary  c o n d i t o n s  o f  a /ax  
o f  a l l  t u r b u l e n c e  q u a n t i t i e s  z e r o  a t  t h e  i n t e r f a c e .  
A l s o  t h e  c o n s t a n t s  i n c o r p o r a t e d  i n  t h e  model may n o t  
be a p p r o p r i a t e .  I n  t h e  damped l a y e r ,  c l o s e  t o  t h e  
s u r f a c e  where t h e  v e r t i c a l  component o f  t u r b u l e n t  
v e l o c i t y  damps o u t ,  t h e  use o f  t h e  Reyno lds-St ress  
e q u a t i o n s  may be u s e f u l .  However, b e f o r e  a p a r t i c u -  
l a r  model i s  chosen, we f e e l  t h a t  i t  i s  more impor- 
t a n t  t o  r e s o l v e  f i r s t ,  t h e  i s s u e s  a s s o c i a t e d  w i t h  
t h e  f r e e  s u r f a c e  boundary  c o n d t i o n s  for  t h e  t u r b u -  
l e n c e  q u a n t i t i e s .  

C o n c l u s i o n s  

The k-E model o f  t u r b u l e n c e  i s  used t o  
o b t a i n  n u m e r i c a l  s o l u t i o n s  o f  an a x i s y m m e t r i c  t u r b u -  
l e n t  j e t  d i s c h a r g i n g  a x i a l l y  i n t o  a c y l i n d r i c a l  
t a n k  and d i r e c t e d  towards  t h e  l i q u i d  vapor  i n t e r -  
f a c e .  The n u m e r i c a l  r e s u l t s  p r e s e n t e d  i n  t h e  paper  
were p e r f o r m e d  u s i n g  i n p u t  c o n d i t i o n s  r e p r e s e n t a -  
t i v e  t o  t h o s e  o f  Refs .  10 and 1 1 .  I n  t h e  r e g i o n  
where t h e  t u r b u l e n c e  i s  a p p r o x i m a t e l y  i s o t r o p i c ,  
t h e  c a l c u l a t e d  v a l u e s  o f  t h e  t u r b u l e n t  v e l o c i t y  com- 
p a r e  w e l l  w i t h  t h e  e x p e r i m e n t .  

The c a l c u l a t e d  v a l u e s  o f  t h e  l e n g t h  s c a l e  
L = k 3 / 2 / ~  
a n a l y t i c a l  s o l u t i o n  o f  R e f .  10. I f  t h e  i n t e r f a c e  
i s  f a r  away from t h e  j e t ,  a p p r o x i m a t e l y  xs /D > 4.5, 
i t  does n o t  a f f e c t  t h e  s o l u t i o n  up t o  x/D = 3 .6 .  
However, t h e  boundary  c o n d i t i o n s  f o r  k and E 

imposed a t  t h e  i n t e r f a c e  a f f e c t  t h e  s o l u t i o n  i n  t h e  
e n t i r e  r e g i o n  o f  d i f f u s i v e  t u r b u l e n c e .  The r e s u l t s  
o b t a i n e d  b y  u s i n g  t h e  boundary  c o n d i t i o n s  (14)  for 
l a r g e  x s / D  a p p r e a r  t o  be u n r e a l i s t i c .  

d o  not agree w i t h  t h e  c o n c l u s i o n  and 
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